ABSTRACT
NOMENCLATURE

INTRODUCTION
Due to the higher generation of heat in the electronic chips, there have been widely using liquid cooling systems for their own safety considerations. But, the developing technology requires more effective coolant for these systems. The invention of nanofluid has promised to enhance the effectiveness of the new liquid coolant [1] . The suspension of nano-scaled particles (up to 100 nm) to the base fluid is generally defined as a nanofluid. The mixture of solid particles to the liquid generally increases the thermal conductivity of the liquid because of its higher thermal conductivity itself. Miniaturization of the heat sink is another technique to increase the cooling efficiency of the cooling system. Since last two decades, there have been committed a lot of numerical, analytical and a few experimental investigation of nanofluids performances applying to the miniaturized heat sink for cooling of electronics [2] [3] [4] [5] [6] [7] . Keblinski et al. [8] investigated the thermal transportation of nanofluids. They reported that a layer of liquid cluster around the nanoparticle had significant effects to increase the thermal conductivity of the nanofluids. It is also reported that the Brownian motion did not play a vital role to improve the thermal transportation of the nanofluids. While, Tokit et al. [9] mentioned that the Brownian motion has an important role to enhance the thermal conductivity by helping the cluster formation of the nanoparticle at a lower motion itself. Putra et al. [10] studied Al 2 O 3 -water and TiO 2 -water nanofluids for cooling of electronic chips. The necessity to develop a new cooling technique for microchip cooling instead of conventional technique was discussed in the study. A significant improvement in heat rejection from the electronic chip using nanofluid was obtained. Das et al. [11] inspected the effects of temperature on the heat transfer performances of nanofluids. At 4 vol.% concentration of CuO-H 2 O, increasing the temperature from 21 to 51 C. Also, it is observed that the thermal conductivity went up from 14% to 36%, respectively. Nguyen et al. [12] experimentally studied the enhancement of heat transfer coefficient of Al 2 O 3 -H 2 O nanofluid compared to the pure water. About 40%
Paper: ASAT-16-031-TH increase in the heat transfer coefficient using 6.8 vol.% of nanoparticle was obtained. The lower particle size of nanoparticles leaded to better thermal performances compared to the large particle size. The heat transfer enhancement using Al 2 O 3 -H 2 O nanofluid in a commercial water block was studied by Selvakumar and Suresh [13] . They reported about 20% improvement in the conductance using 20 -30 nm alumina nanofluid compared to the deionized water. A little increment on pumping power with the nanofluids was also mentioned. Whelan et al. [14] designed and investigated a tube array remote heat exchanger for CPU cooling. It is successfully obtained a suitable base temperature and a lower thermal resistance.
Recently, the MCHS has become a very good topic to attract the researcher's attention. The application of nanofluids to microchannel heat sink has offered significant cooling performances for cooling of electronics. Ho and Chen [15] performed an experiment on MCHS using Al 2 O 3 -H 2 O nanofluid. A very high improvement in heat transfer coefficients using nanofluid compared to the pure water was obtained. Tullius and Bayazitoglu [16] also studied the influence of Al 2 O 3 -H 2 O nanofluid on enhancing the heat transfer performance of the circular fin structured MCHS. The nanofluid showed a great enhancement in thermal transportation. In the same time, a little surface imperfection problem occurred because of the nanoparticle sedimentation, which was responsible for reducing the heat transfer performances. The heat transfer characteristics using TiO 2 -H 2 O nanofluid in a rectangular minichannel were also experimentally investigated by Naphon and Nakharintr [17] . A significant enhancement in thermal performance without increasing the pumping power was achieved. Keshavarz et al. [18] numerically investigated the nanofluids cooling effects and the pressure drop across the MCHS. After getting satisfactory results compared to the other available analysis, a contextual connection for Nusselt number and friction factor was suggested.
It should be noted from the above literature review, however, that limited studies are available on nanofluid flow and heat transfer characteristics of rectangular shaped MCHS performance and this has motivated the present study. Thus, the present study deals with 3D numerical simulations of laminar flow and heat transfer characteristics of rectangular shaped MCHS using Al 2 O 3 -water nanofluid with volume fraction ranged from 1% to 5%, Reynolds number ranged from 200 to 1500, and the heat flux, q=100 W/cm 2 . Results of interests such as temperature distribution, heat transfer coefficient and pressure drop are the key parameters to illustrate the effects of nanofluid volume fraction and Reynolds number on MCHS performance.
MATERIALS AND METHODS
Description of the Design Cooling Model
The three-dimensional fluid flow and heat transfer in a rectangular copper MCHS were analyzed using water and Al 2 O 3 -water nanofluid as the cooling fluid. Figure 1 shows a schematic structure and main dimensions of a rectangular MCHS. The dimensions are listed in Table 1 .
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Governing Equation
Following Elbadawy et al. [19] , the assumptions used in this study is indicated in Table 2 . According to these assumptions the conservation mass, momentum and energy equations, respectively are as follows (1) (2) Identical in heat transfer and flow characteristics (one channel can be investigated) [22] The boundary conditions for the computational study, indicated in Fig. 1 , were provided via experimental data of Qu and Mudawar [23] . At the channel inlet (x=0) the velocity is determine for each Re. The flow inters the channel at 288 k the governing systems of equations described above were solved using the commercial CFD package, ANSYS [FLUENT] 14.0.
Thermophysical Properties of Nanofluids
The thermophysical properties of the nanofluids were assumed constant due to small variations with the temperature range tested. These properties mainly depend upon the properties of the base fluid and the solid particles, volume fraction of the solid particles in the suspension and particles shape. The properties of nanofluids can be calculated using the following relations [24] .
Thermal conductivity
Paper: ASAT-16-031-TH (4) where n is solid particle shape factor (n = 3 for spherical particles).
Dynamic viscosity:
(5) Fig. 1 : Schematic of the microchannel heat sink [19] .
Density:
Heat capacity:
where is particle volume fraction, the subscript "nf" refers to nanofluid, "bf" refers to base fluid, and "p" refers to particle. According to the nanoparticle volume fraction used in the current study, the thermophysical properties as listed in Table 3 .
RESULTS AND DISCUSSION
The governing equations associated with the boundary conditions were solved numerically using the finite volume method. A second order upwind scheme was used to discretize the convection terms in pressure, momentum and energy equations. Before carrying out the whole simulation work with FLUENT, a grid independent study was investigated. According to the suitable mesh size obtained [19] , the accuracy of results was verified by comparison the current computational results with the available data published by Qu and Mudawar [23] . The experimental model presented in [23] was a rectangular MCHS with hydraulic diameter 348.9 μm, channel height 713 μm, channel width 231 μm and length 44.764 mm. Qu and Mudawar measured the temperature in four points along the channel bottom wall at height of 3175 μm, Re=890, inlet temperature of 288 k and constant heat flux of 100 W/cm 2 .
The mesh investigation is one the important steps in the simulation. It concerned with the type and the sizes of the mesh intervals. The best size was selected according to comparison done between the three sizes results.Accordingly, three different levels of cell volume are used (20, 40 and 60 μm 3 ). It is found that the maximum percentage change in result is 1.5%. Therefore, the largest size is chosen to save the computing time as shown in figure 2. Figure 3 shows the comparison between results of present numerical model and the experimental data [23] for local temperature distribution along the thermocouple plane (xyplane). It can be seen that, the agreement between numerical and experimental results is acceptable. Therefore, the present numerical model is reliable and can be used to study the effect of using nanofluid as a coolant on the performance of a MCHS.
The generated heat in electronic components whenever electric current flows through them causes their temperatures to rise. In order to minimize the temperature rise of the components, the dissipation of heat with a high rate is necessary for their proper functioning. According to literature review, nanofluids have a significant effect on cooling process. As a result, this study was carried out using Al2O3-water nanofluid with volume fraction ranged from 1%, 3% and 5% at Reynolds number ranged from 200 to 1500 and constant heat flux of 100 W/cm 2 . The series CFD results present the influence of these parameters on temperature and heat transfer coefficient distribution along line in x-direction at H th =3175 µm.
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The hydraulic diameter "D h " of the fluid flow channel, Reynolds number "Re", the average heat transfer coefficient "h" and bulk temperature "T b " are calculated as follows [26] 
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The effect of particles volume fraction "φ" was investigated computationally. Figure 4 depicts the effect of φ on the temperature distribution and the average heat transfer coefficient "h av " which was calculated and based on the bottom wall of channel. Generally, it indicates that the influence of φ is significant and that increasing φ may provide a noticeable cooling enhancement in the temperature comparatively to pure water due to increase nanofluid thermal conductivity (Eq. (4)). In more detail, the average heat transfer coefficients are maximum at channel entrance and sharply decrease up to X/L= 0.2 which represents the developing region as shown in the Figure 4 (b). This is due to very thin local boundary layer that grows up along the entrance length. For this reason, the temperature, shown in Figure  4 (a), significantly increases along the channel at the water inlet while the temperate increase rate decreases at X/L>0.2 due to growing boundary layer thickness.
Fig.4:
Effect of particles volume fraction " " on (a) local temperature distribution along the channel (x-direction) and (b) average heat transfer coefficient based on the bottom wall at Re=800. The local temperature distribution at x-y thermocouple plane, Re=800 and different φ is illustrated in Fig. 5 . Some interesting results are readily observed. The temperature increases along the longitudinal x-direction from the channel inlet to the channel outlet due to increase the coolant fluid temperature. It is very clear that the inlet and outlet temperature decrease with increasing the volume fraction. Figure 6 shows the local temperature distribution in x-z plane for different φ. The temperature variations are represented by variations in color, with temperature scale located at the side of each figure. The figure gives detailed information about the enhancement of cooling process due to high particle concentration. Figure 7 (a) shows the temperature reduction " " which represents the difference between the average temperature on the thermocouple x-y plane using pure water and the average temperature on the same plane using nanofluid for different φ and different Re. At constant nanoparticles volume fraction, the temperature reduction decreases with increasing Reynolds number due to the dominating effect of velocity. For the same Reynolds number, the temperature reduction increases with increasing the volume fraction. As a result, the heat sink temperature decreases with increasing the volume fraction of nanoparticles. Figure 7 (b) represents the increasing in the average heat transfer coefficient " " which represents the difference between the average heat transfer coefficient on the channel bottom using pure water and the average heat transfer coefficient on the same plane using nanofluid for different φ and different Re . At constant volume fraction, increased Reynolds number leads to significant increasing in . Also, at constant Reynolds number, increased volume fraction enhances significantly the heat transfer coefficient comparing with that of pure water. For example, at Re=800 the heat transfer coefficient enhancement for φ= 1%, 3% and 5% increases by approximately 270, 812 and 1360 (W/m.K), respectively. Figure 8 shows the values of the pressure drop versus Reynolds number for various volume fractions of nanoparticles. It is observed that by increasing both Re and , the pressure drop increases. Nanofluid indicated higher pressure drop compared with the base fluid, especially at high Reynolds number. Obviously, friction factor increases with increasing in concentration of nanoparticles due to the rise of working fluid viscosity (Eq. (5)).
CONCLUSION
A computational model was utilized to simulate a three dimensional fluid flow and heat transfer in a 3D MCHS filled with AL 2 O 3 -water nanofluid. Based on the present computational study, the following results are obtained:
 For all values of nanoparticles volume fractions, the temperature of the coolant fluid and MCHS increase along the channel length;
 Addition of nanoparticles slightly increases the heat transfer coefficient and significantly decreases the MCHS temperature compared with that of the pure water. Therefore, nanofluids could be a promising replacement for pure water in MCHS;
 The pressure drop increases by increasing Reynolds number and nanoparticles volume fraction as well as the required power;
 Using nanofluids compared to the base fluid "water" leads to increase in the pressure drop.
